Introduction
============

Glaucoma represents a diverse group of disorders that have common characteristic changes in the optic nerve neuroretinal rim tissue and is a major cause of blindness. It is estimated that half of glaucoma cases are undiagnosed.[@b1-opth-12-2597] The prevalence of glaucoma in the general US population 40 years of age and older is 2.1%, and \~2.4 million people in the US have undetected and untreated glaucoma.[@b2-opth-12-2597]

Visual field testing remains one of the most important exams for determining the stage of glaucoma, the efficacy of medical or surgical treatment, and the prognosis, as well as for assessing the patient's quality of life and his/her ability to perform the activities of daily living. Increasing the frequency of visual field testing leads to earlier detection of glaucoma progression.[@b3-opth-12-2597]

The most widely used method to assess visual field deficits in glaucoma is automated perimetry. Despite the several advantages of automated perimetry, there are a few disadvantages. Often, it is tiring and difficult for patients to concentrate throughout the test and a large majority of the patients who have visual field test examination belong to the age group over 50. Automated perimeters are objective and accurate devices, but they are also bulky and heavy and are neither portable nor available for home use.

Online visual field testing is interesting for its potential to be used as a low-cost method for glaucoma screening. The potential benefits of an effective online telemedicine system are plentiful, especially in countries with high prevalence of glaucoma or in developing countries, and may save costs to patients and costs to the health care system as a whole.

In the past, various computerized visual field systems were tested, such as: 1) Peristat, 2) Visual Fields Easy (VFE), 3) [Testvision.org](http://Testvision.org), and so on.[@b4-opth-12-2597]--[@b7-opth-12-2597]

Peristat is an online visual field. It is based on Adobe/Flash technology and runs in a web browser. Flash technology is becoming obsolete. Adobe is planning to remove support for it by the end of 2020 and encourages content creators to migrate to new open formats such as HTML5. Flash technology had security issues. Chrome, Microsoft Edge, and Safari browsers have all been blocking Flash over the past year. In 2010, Steve Jobs banished Adobe Flash from the iPhone. It was too insecure, Jobs wrote, and too resource intensive.

VFE runs on a small smartphone screen (iPhone) which must be held steady by the patient using his/her hands throughout the whole test.

[Testvision.org](http://Testvision.org) is a test based on ophthalmokinetic perimetry. It is based on Flash technology and has similar limitations to Peristat.

Visual field testing is affected by ambient luminosity. The test has to be performed under specific luminosity conditions in order to achieve standardization in testing conditions, but personal computers/smartphones do not have photometers. None of the previous systems has the ability to check room luminosity.

Visual field testing is also a subjective examination. The patient must be able to understand the testing instructions and must fully cooperate and complete the entire test in order to provide useful information. As a result, visual fields tests have high within-test and between-test variability and it is not rare to have false-positive or false-negative responses.[@b8-opth-12-2597]--[@b10-opth-12-2597] For such reasons, the widespread use of these systems has been limited.

To overcome these issues, a telemedicine visual field test with novel features is presented in this paper. The system 1) uses the web camera as a "virtual photometer" to detect ambient luminosity in order to make sure that the test is performed under standard conditions (dark room); 2) analyzes the visual field image and validates the test results in order to prevent a patient from sending a test to his/her physician if the test was not performed correctly; and 3) allows the physician to combine the results from two or more tests into a single test to achieve higher statistical accuracy of the final result.[@b11-opth-12-2597] The test is based on Microsoft's .NET technology as well as on Google's Android platform.

The purpose of this study was to check the diagnostic ability of the test and calculate its receiver operating characteristic (ROC)/area under the curve (AUC) characteristics as well as the optimal cut-off points when compared with the Humphrey perimeter.

Materials and methods
=====================

To test the reliability of the method, proprietary software implementing a supra-threshold visual field test algorithm at three threshold levels, 1) −4 db (high level), 2) −8 db (medium level), and 3) −12 db (low level), from the age-expected sensitivity, at the central 24°/(52 points) of visual field was used.[@b12-opth-12-2597]

The points are projected using proper trigonometry calculations to compensate for classical perimeter bowl for liquid crystal display (LCD) monitor, so that the stimuli appear on the retina as if they were projected from a classical bowl perimeter. The white/gray stimuli were projected on black background ([Figure 1](#f1-opth-12-2597){ref-type="fig"}).

The software alternatively allows the use of virtual reality glasses with a 6-inch Android smartphone for visual field testing ([Figure 2](#f2-opth-12-2597){ref-type="fig"}). If the smartphone uses the same display technology (LCD) as the computer monitor, the results are expected to be comparable.

Display adjustment
------------------

Visual field testing requires specific display luminosity settings. Gamma describes the relationship between the pixel levels and the luminance of the monitor (the light energy it emits). LCD displays show S-shaped curve between the input digital values and the output luminance unlike the conventional cathode ray tube monitor represented by a power function. The relationship between the voltage in an LCD pixel and the light intensity is an S-shaped curve that is nearly linear for the large region between the foot and shoulder of the s-curve.[@b13-opth-12-2597] For this reason, LCD displays are approximately linear devices. Contrast sensitivity decreases by age.[@b14-opth-12-2597] Brightness, contrast, and gamma were adjusted before testing using a step-wedge gray scale. The step-wedge gray scale has 40 distinct shades/steps of gray from black to white, with equal differences in brightness between each step. The display was adjusted so that all the shades of gray were distinct and clearly visible. This was about 50% of the maximum available brightness ([Figure 3](#f3-opth-12-2597){ref-type="fig"}).[@b15-opth-12-2597],[@b16-opth-12-2597]

When the brightness is properly adjusted, 36--38 dB should be the approximate upper limit for contrast sensitivity in young observers.[@b12-opth-12-2597] Contrast sensitivity data between different perimeters are similar, albeit not exactly the same.[@b17-opth-12-2597]--[@b20-opth-12-2597]

Software features
-----------------

1.  Supra-threshold strategy, 52 points, central 24° of visual field (nasally and temporally from the fixation point), at three threshold levels, 1) −4 db (high level), 2) −8 db (medium level), and 3) −12 db (low level), from the age-expected sensitivity. White/gray on black background or black/gray on white background stimuli are available.

2.  The software uses the Heijl--Krakau blind spot method to monitor fixation and head position by projecting the stimuli at maximum luminosity at possible blind spot locations until finding the correct response and adjusts stimuli positions and size automatically.[@b21-opth-12-2597]

3.  Supra-threshold stimuli are used to check for false-negative results. The software also checks for false-positive responses by recording positive responses when no response was expected.

4.  Variable stimuli presentation rate, adjusted to patient's response time.

5.  Stimuli presentation time 250 ms.

6.  Statistics. False positive, false negative, fixation losses.

7.  Web camera used as virtual "photometer" to detect room luminosity, so that the test is performed under standard conditions (dark room) and records the (red, green, blue) luminosity data in the printout, to provide this information to the doctor.

8.  An expert system to analyze the visual field image and detect tests that were not performed correctly.

9.  The software allows the doctor to combine the results from two or more tests into a single test to achieve higher statistical accuracy.

Examination procedure
---------------------

During testing, the user sits comfortably in front of a screen and stares at the central fixation point, while using a mouse to click whenever he/she sees a visual stimulus on the screen. The software has only manual response option. Each eye is tested separately. The users wear their near correction glasses if it is necessary. The eye that is not being tested is covered with the palm of the hand ([Figure 4](#f4-opth-12-2597){ref-type="fig"}).

All the patients tolerated the test well and they said they found the test simple and easy to perform. The user can test his/her visual field at home and send the results to his/her doctor for evaluation. If the results are not within normal limits, the doctor may advise the patient accordingly, whether or not further examinations are required.

Testing procedure
-----------------

To find the right distance from the screen, the following procedure is used. The user closes/covers one eye and stares perpendicularly at the central cross target with the other eye. The user is aware of the blind spot dot, but he/she should not look at it. The user should instead keep his/her eye on the central target. Then, the user slowly moves toward the display, while still staring at the cross target with his/her open eye. At a distance, somewhere around 1--1.2× the height of the display from the computer screen, the blind spot dot will disappear and the area where the blind spot was will be all black. This is the right distance from the computer display. If the user moves closer to the screen or farther away, the blind spot dot will reappear. At just the right distance, the blind spot dot disappears. Peristat online perimetry test uses a similar procedure. Alternatively, the user places his/her eye at a distance \~1--1.2× the height of the display from the computer screen and stares perpendicularly at the central cross target. The software then locates the blind spot automatically by projecting the stimuli at possible blind spot locations and recording the responses until the user does not see the stimulus/blind spot. Then the locations and sizes of test points are adjusted automatically. If the user is out of limits (too far away or too near from the screen), the blind spot stimuli are visible. In that case, the process fails and a message appears. These methods cannot be applied if there is a scotoma affecting the blind spot or in hemianopic field defects. In that case, all that the patient can do is to place his/her eye at a distance \~1× the height of the display from the computer screen, stare perpendicularly at the center of the display, and start the test.

The user can select three sensitivity levels either under the guidance of his/her doctor or his/her self-preference. High sensitivity might detect shallow defects, but has more false-positive findings. Low sensitivity detects deep scotoma only, but has a lower false-positive findings rate. Medium sensitivity gives intermediate results. The system includes eye tracking capability using [AForge.NET](http://AForge.NET) computer vision and artificial intelligence General Public License library and is able to track the pupil in order to set the central target's location accordingly on the display ([Figure 5](#f5-opth-12-2597){ref-type="fig"}).

Test sensitivity is selected at the start of the test. The room should be dark during testing. The web camera is used as a "photometer" to check and record room luminosity before testing starts. The average RGB color values are calculated. RGB color values range from 0 (dark) to 255.

The tests were performed using a 22″ LCD display, albeit a smaller or bigger monitor could be used because the software can detect the blind spot automatically and calculate the distance between the display and the patient in order to adjust the locations of the projected points as well as their sizes automatically.

During testing, the software projects stimuli at the selected threshold level, at each point tested. If the patient clicks/sees the stimulus, the response is recorded as positive: 1; if the patient does not respond, it is recorded as a zero response: 0. Testing stops when a response, either 1 or 0, is recorded for each point. The purpose of the test is only to record whether the patient sees or does not see the threshold stimuli. The test is fast (2--3 minutes per eye) because only the selected threshold is tested at each point. The system checks for fixation losses by projecting stimuli at the blind spot. It also checks for false-positive responses and false-negative responses by projecting supra-threshold stimuli at points where the threshold stimulus is found to be visible.

The stimulus presentation rate is variable. The maximum response -- waiting time is adjusted to the patient's response time, within limits.

In the results/printout, false-negative test errors are marked in red, while false-positive test errors are marked in green, so that the doctor knows, for example, if a "scotoma" is due to a false-negative test error or a non-scotoma is due to a false-positive test error. Points where false-negative and false-positive errors were recorded are marked in yellow color. The exam output is binary (seen/clicked=1, not seen/not clicked/missed=0). At the end of the test, the image is analyzed and the results are validated in order to prevent a user from sending a test to his/her doctor, if the test was not performed correctly. A test is considered as "valid" if 1) the blind spot is detected/located at the expected position and 2) the false-positive, false-negative, and fixation losses are all \<25%. If the test is valid, the user can send the test results by email (as an embedded image) to his/her doctor for review ([Figure 6](#f6-opth-12-2597){ref-type="fig"}).

If the results are not within normal limits, the doctor will advise the patient accordingly whether or not standard automated perimetry and/or further/other examinations are required.

Study participants
------------------

Permission was obtained from the Scientific and Ethical Committee of the General Hospital of Athens "G. Gennimatas" to perform the study. Written informed consent was obtained from all participating patients, and the study adhered to the tenets of the Declaration of Helsinki.

A total of ten patients, 20 eyes tested×52 points per eye=1,040 visual field test points, were compared point to point to those obtained using the Humphrey perimeter for the same patients as they appeared consecutively at the glaucoma department within hours for comparison[@b22-opth-12-2597],[@b23-opth-12-2597] ([Figure 7](#f7-opth-12-2597){ref-type="fig"}). All the patients completed the test and were included in the study. The mean age was 67.9 years (SD=12, ranging from 47 to 81).

The results from the visual field screening tests were binary (seen/not seen). ROC curves are widely used in the biomedical sciences and give us the ability to assess the performance of a binary classifier over its entire operating range using a graphical approach. The results were statistically analyzed and the ROC curves for each threshold level as well as the generalized Youden Index and the optimal cut points were computed using easyROC, an interactive, open-source web tool for ROC curve analysis using R Language Environment.[@b24-opth-12-2597] The easyROC uses the "OptimalCutpoints" software package to determine the cut-off values for diagnostic tests[@b25-opth-12-2597] ([Figure 8](#f8-opth-12-2597){ref-type="fig"}; [Table 1](#t1-opth-12-2597){ref-type="table"}). The reliability indices were also calculated ([Table 2](#t2-opth-12-2597){ref-type="table"}). The results were similar, albeit not identical because the algorithms and the technology used were different.

Statistical analyses
--------------------

The patients were tested successively using a Humphrey perimeter and the telemedicine method. Telemedicine visual field screening tests were 24° (52 points), while Humphrey field analyser (HFA) tests were 30° (76) points because the patients were tested with HFA as part of their scheduled/routine examination and not because of this study. Only the inner common (52) points matching the 24° central degrees between the HFA and the screening test were compared.

Results
=======

The results show that the AUC was 0.762 (*P*\<0.001) for high threshold, 0.782 (*P*\<0.001) for medium threshold, and 0.837 (*P*\<0.001) for low threshold.

In summary, we see that as the threshold tested gets lower, the sensitivity increases while the specificity decreases and vice versa. The optimal cut-off point for Humphrey data was 28 dB for the high threshold, 25 dB for the medium threshold, and 16 dB for the low threshold.

Black/gray stimuli on white background were also tested with similar results, but they are not included in this paper.

In practice, when a single test is used repeatedly in routine screening, the same screening threshold is typically used at each screening visit. One possible alternative is to adjust the threshold at successive visits according to individual-specific characteristics.[@b26-opth-12-2597] The test results can be combined in series or in parallel.[@b27-opth-12-2597] Parallel testing is recommended for ruling in diagnoses, while series testing is recommended for ruling out diagnoses.[@b28-opth-12-2597] The software allows the user to select and combine the results from two or more tests into a single test. The sum of positive responses at each point merged is shown.

Discussion
==========

Telemedicine visual field screening testing has many similarities to classical bowl perimetry, but there are some differences due to the hardware used.

We presented a visual field test with novel features and evaluated the reliability of the method by comparing the results with those of Humphrey perimeter.

The purpose of the test is to help glaucoma patients become aware of their problem, albeit other disorders that affect the visual field might be detected as well.

The advantages of our system are that it uses the web camera as a "photometer" and validates the reliability of the results when the test is completed. This system also allows the patient to send the results to his/her doctor by email and allows the doctor to combine the results from two or more tests into a single test to achieve higher statistical accuracy.

The test is simple, easy, and fast and does not require specialized equipment. It only takes 2--3 minutes per eye and can be repeated as many times as needed. The patients were asked at the end of the test and they reported that it was easy and simple.

The test implements a supra-threshold visual field test algorithm at three sensitivity levels. It is intended to indicate whether there are findings in the visual field that might require further examinations. Standard automated perimetry test should be used to quantify the defects. The test is not intended to monitor the progression of diagnosed cases, but to be used as a screening test.

The optimal cut-off points as well as the ROC/AUC characteristics of this test were calculated when comparing the results with those obtained from the Humphrey perimeter for the same group of patients. ROC analysis is a widely used method for evaluating the accuracy of medical diagnostic systems. The most desirable property of ROC analysis is that the accuracy indices derived from this technique are not distorted by fluctuations caused by the use of arbitrarily chosen decision criteria or cut-offs. In other words, the indices of accuracy are not influenced by the decision criterion. Using this as a measure of a diagnostic performance, one can compare individual tests or judge whether the various combination of tests can improve diagnostic accuracy.[@b29-opth-12-2597] Good ROC/AUC coefficient was found, ranging from 0.762 to 0.837 (*P*\<0.001). Sensitivity ranged from 0.63 to 0.94, and specificity ranged from 0.73 to 0.49.

Other systems have found similar results. Peristat online perimetry had comparable ROC curves and Spearman's rank correlation coefficient ranging from 0.55 to 0.77 (all *P*\<0.001) when compared with the Humphrey perimeter.[@b30-opth-12-2597] VFE, which is an iPad application for visual field testing, had ROC/AUC ranging from 0.687 to 0.784.[@b31-opth-12-2597],[@b32-opth-12-2597]

The prevalence of glaucoma increases with age. It is most common in adults in their 70s and 80s. The main limitation of this test is that many older people never learned to use computers. Barriers may include physical and mental limitations. As with any other computer system, older people may still need a little help and support by younger people, family, or professionals who care for older adults.

Conclusion
==========

The ROC characteristics of this low-cost test show it is reliable at least when compared with the Humphrey perimeter and does not require specialized equipment. The test may be useful for home-based glaucoma screening.
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![Monitor or virtual reality glasses can be used for visual field testing.](opth-12-2597Fig2){#f2-opth-12-2597}

![Display -- gamma calibration using a gray scale step-wedge.](opth-12-2597Fig3){#f3-opth-12-2597}
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![Eye 1 of 20. Humphrey field analyser test compared with three screening tests at high, medium, and low sensitivity levels (brightest stimulus, −12 dB).\
**Note:** As the stimulus gets brighter, the number of positive responses increases.](opth-12-2597Fig7){#f7-opth-12-2597}

![ROC curves for each threshold.\
**Abbreviations:** AUC, area under the curve; ROC, receiver operating characteristic.](opth-12-2597Fig8){#f8-opth-12-2597}

###### 

Threshold data at high, medium, and low sensitivity

  High threshold                                                                           
  ------------------------------------------------------------------------ ------- ------- -------
  Sensitivity                                                              0.637   0.592   0.680
  Specificity                                                              0.735   0.696   0.771
  Positive predictive value                                                0.675   0.632   0.715
  Negative predictive value                                                0.701   0.660   0.740
  Positive likelihood ratio                                                2.401   2.059   2.800
  Negative likelihood ratio                                                0.494   0.435   0.562
  **Medium threshold**                                                                     
  **Cut-off method: generalized Youden Index optimal cut-off point: 25**                   
  Sensitivity                                                              0.790   0.755   0.822
  Specificity                                                              0.646   0.599   0.690
  Positive predictive value                                                0.748   0.709   0.785
  Negative predictive value                                                0.697   0.654   0.738
  Positive likelihood ratio                                                2.229   1.953   2.543
  Negative likelihood ratio                                                0.326   0.275   0.386
  **Low threshold**                                                                        
  **Cut-off method: generalized Youden Index optimal cut-off point: 16**                   
  Sensitivity                                                              0.942   0.939   0.936
  Specificity                                                              0.497   0.503   0.509
  Positive predictive value                                                0.788   0.790   0.791
  Negative predictive value                                                0.812   0.806   0.801
  Positive likelihood ratio                                                1.874   1.889   1.906
  Negative likelihood ratio                                                0.116   0.121   0.125

###### 

Reliability indices

         HFA   High   Medium   Low                                      
  ------ ----- ------ -------- ----- ---- ---- ---- ---- ---- ---- ---- ----
                                                                        
  Mean   16    1.5    7.4      16    17   20   22   13   10   23   17   12
  SD     26    2.1    12       26    13   23   32   12   19   29   14   16

**Abbreviations:** FL, fixation losses; FN, false negative; FP, false positive; HFA, Humphrey field analyser.
